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Electron Spectra
Electron spectra induced from solids contain information on (i) the electronic structure (local at atomic, molecular, cluster, and surface/interface level -or delocalized in the bulk of the solid), different single or multiple excitations, and the chemical state resolved chemical composition; (ii) the (ordered, disordered, or amorphous) physical structure of the solid, as well as the lateral or indepth concentration distribution of the constituent chemical species, via effects of electron transport phenomena (including electron diffraction). While core and valence band photoelectron as well as Auger electron spectra reflect the structure of occupied electronic states, shake-up satellites, due to excitations localized at atomic or molecular level, reflect the structure of unoccupied electronic levels. In the case of shake-off excitations, the energy is continuously shared between the two emitted photoelectrons; therefore, the contribution of these phenomena cannot be separated in the photoelectron spectra from the continuous energy distribution background of electrons scattered inelastically in the solid. Shake-off excitations, however, result in energy loss satellite peaks in photoinduced Auger spectra.
Core photoelectron peaks carry localized signatures characteristic of the atomic environment of the emitting atom, while valence band photoelectron spectra reflect properties of delocalized electronic states. On the other hand, information on the site projected density of valence electron states can be obtained from the analysis of core-core valence (CCV) or CVV Auger spectra. The shape of the core photoelectron lines can, however, be influenced by delocalized excitations (e.g., by excitation of electron-hole pairs in the conduction bands of metals or by "intrinsic" type plasmon excitations due to the appearance of the core hole). From the point of view of energy loss of photoexcited electrons emitted from solids, "intrinsic" type excitations, connected with the suddenly created core holes localized on the core ionized atoms, usually lead to energy loss satellite structures in the electron spectra. Moreover, all electrons emitted from solids are affected by excitations occurring at surface crossings ("surface excitations, " localized in two dimensions) and resulting in energy losses, leading to surface plasmon satellite peaks. Finally, collective excitations of weakly bound, free, or near free electrons in the solid by photoinduced electrons during their transport within the solid ("extrinsic" excitations) lead to delocalized volume excitations manifested, e.g., in the presence of bulk plasmon satellite peaks in the spectra. It should be noted that interferences can take place between surface and bulk, extrinsic, and intrinsic collective excitation phenomena.
Modeling/Interpreting Electron Spectra Using Classical and Quantum Frame Models
For describing or simulating the electronic structure and effects of electron transport on electron spectra emitted from solids, combinations of models based on different approximations are used. Here, only some examples are mentioned for illustration. "One step" quantum mechanical (QM) models include full QM calculations accounting for all phenomena, while the "two-or morestep" models assume that different phenomena can be separated. A recent report (Minár et al., 2011) on "one step" models describing angle resolved photoelectron spectra provides examples of applications to metals and alloys.
An example of "one step" QM models is the quantum Landau theory (QLT) developed by Fujikawa et al. (2008) . This model explains all plasmon energy loss features occurring due to core level photoemission from solids and fully accounts for intrinsic and extrinsic plasmon excitations and interferences between these processes, for multiple plasmon energy loss features in the spectra, as well as for effects of multiple elastic electron scatterings (including photoelectron diffraction) preceding and following the energy loss of photoelectrons. For high kinetic energy photoelectrons, the QLT performs well, for~100 eV kinetic energy photoelectrons the model was successfully applied in the case of Al 2s, Na 2s, and Li 1s spectra photoexcited from single crystals Niki et al., 2014) .
While "one step" QM models require demanding calculations even in the case of simple ordered systems and it is difficult to include multiple electron scattering, "two-or more-step" models usually assume the separability of the intrinsic and extrinsic processes and use semiclassical or classical approximations for describing the latter phenomena, neglecting interference effects between intrinsic and extrinsic or surface and bulk processes in most cases. This practically means the separation of electron transport and photoionization/excitation processes, focusing on near surface electron transport.
For describing effects of electron transport in solids, different approaches can be followed. A possibility is to deconvolute contributions of electron transport from measured electron spectra in order to obtain spectra carrying information on the (local) electronic structure. An example is the Monte Carlo (MC) simulation-based deconvolution technique for removing contributions due to different kinds (intrinsic, extrinsic, surface, bulk) of multiple plasmon excitations from X-ray photoelectron spectra. A method based on the partial intensity analysis (PIA) approximation (Werner, 2001) using a linearized Boltzmann-type kinetic equation accounts for multiple elastic electron scattering as well, while neglecting core hole and interference effects. The contribution from intrinsic plasmon excitations is assumed to be similar to that from the bulk extrinsic excitations and removed by applying an "adaptive deconvolution. " This approach seems to work especially well, e.g., in the case of high energy photoelectron and Auger spectra excited from 3d metals. In this particular case, the asymmetry of the core photoelectron lineshapes (due to the sudden creation of electron-hole pairs in the conduction band upon core level photoionization) can be described using an independent model (Hughes and Scarfe, 1996) based on the joint density of electronic states (that can be obtained from density functional calculations) around the atom with the core hole (Novák et al., in preparation). The MC method based on the parameters of the PIA model, combined with an expert system containing extended databases on physical data characterizing photoionization and electron transport in solids, is applicable for simulation of X-ray photoelectron and Auger spectra excited from solid structures (Werner et al., 2014) . It should be noted, however, that accurate simulation of photoelectron spectra is a very demanding task due to the very complex assembly of physical phenomena to be accounted for.
A different approach is first to model/simulate "intrinsic" spectra on the basis of the available knowledge on the atomic and electronic structure, then to simulate the contribution of electron transport to "intrinsic" spectra with the aim to directly compare the resulted synthetic spectra to experimental electron spectra. An example of such an approach is using a mixed QM and MC method for describing Auger spectra photoexcited from SiO 2 nanoclusters of different sizes (Taioli et al., 2009a,b) . Within this approach first the "intrinsic" Auger spectra were obtained from cluster ab initio QM calculations then the effects of inelastic energy losses of Auger electrons within the nanoclusters on the Auger lineshapes were simulated using the MC method. Synthesized and measured spectra compare fairly well (Taioli et al., 2009a,b) . The model assumes fixed nuclei (so phonons are not considered). However, shake-up and shake-off transitions, though neglected in Taioli et al. (2009b) , are foreseen by the model.
An example of models describing excitations due to the core hole and to photoelectrons during their transport in solids is the semiclassical dielectric response model (DRM) (Tougaard and Yubero, 2004) , which includes the polarization accompanying photoelectrons on their way toward the surface within the solid, near the surface inside and outside of the solid as well as the influence of the stationary hole during the whole photoemission process. The primary excitation spectrum and the dielectric function are input physical quantities to the DRM that, in addition to bulk excitations, describes core hole effects (intrinsic excitations), surface excitations as well as interference effects (between intrinsic and extrinsic or surface and bulk excitations) (Tougaard and Yubero, 2004) . On the other hand, if one has detailed knowledge (e.g., from independent experiments or models) on the parametrized primary excitation spectrum, the actual parameter values (energy position, energy widths, and intensity of the component peaks/structures) can be derived from the measured photoelectron spectrum with the help of the DRM and the measured photoelectron spectrum. First, the effective cross section for inelastic electron scattering can be derived using the DRM, then this cross section is convoluted with the parametrized primary excitation spectrum varying the parameters until achieving a good agreement with the experimental XPS spectrum (Pauly et al., 2014) . A recent study applying the DRM for determination of the Cu 2p primary excitation spectrum in CuO demonstrates (Pauly et al., 2014 ) the use of this approach yielding results agreeing with those predicted by the charge transfer multiplet model calculations. The DRM, however, while accounting for multiple inelastic electron scattering, neglects the effects of multiple elastic electron scattering.
Challenges in Characterization of Advanced Materials: Need for Multiscale Materials Analysis and Modeling
Development of advanced materials, e.g., layered structure doped nanocomposites requests 3D monitoring of their chemical, physical, and electronic structure on multiple scales as a function of their mechanical, optical, and electric properties. Such a need for multiscale materials analysis, however, poses great challenges for the available methods of characterization and usually multimethod approaches are needed.
The increasingly popular, non-destructive HArd X-ray PhotoElectron Spectroscopy (HAXPES) with its flexible applicability for chemical state resolved studies of surface (at grazing photon incidence) and deeply (several 10 nm) buried interface structures, is one of the promising candidate methods for multiscale analysis (Kövér, 2010) . The information depth of HAXPES using grazing photon incidence (at total X-ray reflection conditions) is set by the depth of penetration of X-rays and it is limited to the uppermost atomic layers. On the contrary, tuning the photon energy in the case of near normal photon incidence makes the deeply buried interfaces accessible. Angular resolved HAXPES and HAX-PES using X-ray standing waves for excitation combined with advanced modeling allow accurate quantitative chemical analysis of concentration depth profiles of deep regions.
Summary
Electron spectra of solids reflect phenomena on different spatial and time scales and events at various levels of localization. Combining models/simulations for local electronic structure and electron transport is necessary for accurate interpretation of experimental electron spectra. Analysis of advanced materials requires novel methods and models for multiscale approaches. Taioli, S., Simonucci, S., and Dapor, M. (2009a 
